Abstract Sorption of phosphorus (P) to the bed sand medium is a major removal mechanism for P in subsurface flow constructed wetlands. Selecting a sand medium with a high P-sorption capacity is therefore important to obtain a sustained P-removal. The P-removal capacities of 13 Danish sands were evaluated and related to their physico-chemical characteristics. The P-removal properties of sands of different geographical origin varied considerably and the suitability of the sands for use as media in constructed reed beds thus differs. The P-sorption capacity of some sands would be used up after only a few months in fullscale systems, whereas that of others would subsist for a much longer time. The most important characteristic of the sands determining their P-sorption capacity was their Ca-content. Also the P-binding capacities of various artificial media were tested (light-expanded-clay-aggregates (LECA), crushed marble, diatomaceous earth, vermiculite and calcite). Particularly calcite and crushed marble were found to have high P-binding capacities. It is suggested that mixing one of these materials into the sand or gravel medium can significantly enhance the P-sorption capacity of the bed medium in a subsurface-flow constructed wetland system. It is also possible to construct a separate unit containing one of these artificial media. The media may then be replaced when the P-binding capacity is used up.
Introduction
In concert with the provision of efficient nutrient removal at large wastewater treatment facilities, the treatment of sewage discharged from single houses and small rural communities in Denmark and other European countries are becoming still more important for improving the environmental quality in streams and lakes (Harremoës, 1998) . There is therefore an urgent need to find efficient and at the same time economically reasonable solutions for these small wastewater producers. Different on-site solutions have been launched, such as different compact bio-film systems, sand filters and constructed reed beds. The degree of treatment required in the systems is determined by regulations, which may contain standards for suspended solids (SS), biochemical oxygen demand (BOD), nitrification and total phosphorus, among others. Most systems are able to fulfil the requirements for SS and BOD removal, and nitrification can also frequently be obtained. However, it is a paramount problem to remove phosphorus (P) in these small-scale, on-site systems.
Constructed reed beds may be an appropriate and economically attractive on-site treatment solution for single houses and small communities in rural areas (Vymazal et al., 1998) . Traditionally the reed beds in Denmark have been constructed with soil as the growth medium for the plants. However, this has caused problems with overland flow and short-circuiting of the wastewater between inlet and outlet because of the low hydraulic conductivity of soils. Therefore present adopted design guidelines are based on sand or gravel and in some cases intermittently loaded vertical-flow beds instead of horizontalflow beds (Brix and Johansen, 1999; EPA, 1999) .
Subsurface flow constructed reed beds generally have a greater potential to remove nitrogen than phosphorus (Vymazal et al., 1998) . The only sustainable removal mechanism for phosphorus is plant uptake and subsequent harvesting (Lantzke et al., 1998) . However, the amount of phosphorus that can be removed by harvesting the plant biomass usually constitutes only an insignificant fraction of the amount of phosphorus loaded into the system with the sewage (Brix, 1997) . Phosphorus may also be bound in the media of the reed bed mainly as a consequence of adsorption and precipitation reactions with calcium (Ca), aluminium (Al) and iron (Fe) in the sand or gravel substrate. The capacity of a reed bed to remove P may therefore be dependent on the contents of these minerals in the substrate. This hypothesis is supported by the observation that P-removal has been found to be particularly efficient in constructed reed beds containing ferruginous sand (Netter, 1992) . The P removal efficiency is often high initially and then decreases after some time as the P-sorption capacity of the sand is being used up (Ciupa, 1996) . It is therefore of importance to select a sand medium with a high P-sorption capacity in order to obtain a sustained P-removal in the long term in constructed reed bed systems.
Various artificial media have been tested in order to improve the P-removal in subsurface-flow constructed wetlands: factory made light-weight expanded clay aggregates (LECA) (e.g. Zhu et al., 1997) , granulated laterite (Wood and McAtamney, 1996) , shale (Drizo et al., 1997) , and crushed marble (Gervin and Brix, 2001 ), among others. It is generally found that several of these materials have the potential to enhance the P-removal in constructed wetland systems.
The objective of this study was to evaluate the P-removal capacities of locally available sands in Denmark for use as media in constructed reed beds. Furthermore, we tested the P-sorption capacity of different "artificial" medias that might be used to enhance Premoval in subsurface flow constructed wetlands.
Materials and methods

Sands and media tested
The composition of sands that are commercially available for use in constructed reed beds differs depending on the location of origin. The sands used in this study were obtained from thirteen gravel pits located in different regions of Denmark. See Arias et al. (2000) for details. In addition, the following artificial media were selected: (i) a calcite product (supplied by the company Damolin A/S) which is readily commercially available as cat litter; (ii) crushed Norwegian marble (supplied by Copenhagen Water) which has been used as the bed medium in a vertical-flow wetland system for removal of phosphorus from combined sewer overflows and lake water (Gervin and Brix, 2001 ); (iii) granulated and calcined (burnt) diatomaceous earth (supplied by the company Damolin A/S) which is commercially available as cat litter; (iv) Light Expanded Clay Aggregates (LECA) produced from Danish clay and delivered by the company Dansk Leca A/S; and (v) a vermiculite granulate supplied by the company Skamol A/S. A number of other potential artificial media were also tested initially, but were disregarded in further tests largely because of their physical properties, which were not suitable for use as media in subsurface flow constructed wetland systems.
Characterisation of media
The particle-size distribution on a weight basis was analysed in triplicate by conventional dry-sieving technique (Day, 1965) . The grain-size distribution plots were used to estimate d 10 (the effective grain size) and d 60 , and the uniformity of the particle size distribution (the uniformity coefficient) was calculated as the ratio between d 60 and d 10 . Porosities were determined from the amount of water needed to saturate a known volume of medium (n = 3), and the bulk density (g cm -3 ) was based on the ratio between the dry weight and the bulk volume of the media (n = 3). Saturated hydraulic conductivity was determined using the constant-head method (n = 5) in the laboratory (Klute, 1965) . The concentrations of P, Fe, Ca, Al and Mg in the <2 mm size fractions of the media were analysed by plasma emission spectrometry (Perkin Elmer Plasma II Emission Spectrometer, USA) after extraction in boiling HNO 3 -H 2 O 2 (n = 2).
Sorption isotherm experiments
Equilibrium isotherm experiments were performed on all media (n=2 or 3). Approximately 5 g of material (only 1 g for calcite) were placed in 200 ml polyethylene bottles. Hundredmillilitre aliquots of tap water spiked with KH 2 PO 4 to give one of 9 levels of phosphorus (0, 2.5, 5, 10, 20, 40, 80, 160 and 320 mg P l -1 ) were then added. Tap water was used in order to mimic the mineral composition of wastewater. The bottles were sealed with screwtype lids and were continuously agitated in a rotating wheel at laboratory temperature for 20 hours. Blinds containing no media were always included in the experiments. After settling, an aliquot of the supernatant was filtered through Whatman GF/C filters and after adequate dilution analysed for phosphorus using the molybdenum blue-ascorbic acid method. A second unfiltered aliquot was used for measurement of pH and conductivity. Amount of phosphorus sorbed by the media was calculated from the decrease in the solution P concentration.
Column experiments
A total of 44 columns were constructed from inverted one-litre polyethylene bottles (diameter 95 mm). The columns were packed with c. 700 cm 3 of sand or artificial media (n = 2). Columns containing Quartz sand and 5 and 10% of calcite or marble by weight were also tested. Water spiked with KH 2 PO 4 to a P concentration of 10 mg l -1 (pH adjusted to c. 6.9) was supplied continuously at a rate of approx. 240 ml day -1 per column (equivalent to a nominal retention time in the columns of approximately 12-14 hours) using a constanthead feeding tank. The water level in the feeding tank was kept constant by continuous pumping from a stirred storage tank kept at ground level. Water in the storage tank was renewed every third day. The columns were kept water saturated, as the effluent levels of the columns were set just above the surface of the sands in the columns. The effluent from each column was collected daily and the volume measured to estimate actual loading. Furthermore, pH and conductivity was measured and an aliquot filtered through Whatman GF/C filters and analysed for P as described above. After 12 weeks of continuous loading the experiment was terminated.
Results
Characteristics of media
The media all had textures and hydraulic conductivities that would make them suitable for use as substrates in constructed reed beds systems (Table 1) . The effective grain size (d 10 ) varied between 0.2 mm for the finest sand to 1.4 mm for the coarsest sand. The hydraulic conductivities were generally highest for the coarsest textures, and particularly the artificial media had high hydraulic conductivities. The bulk densities of all the artificial media, except marble, were significantly lower than that of the sands. The mineral content of the sands differed markedly with the origin of the sand (Table 2 ). The concentrations of Ca were particularly low in the Vestergård sand reflecting the leached out conditions in the area of origin of the sand. In most other sands the Ca content was in the range of 20-70 mg g -1 dry weight. Vestergård sand also had low concentrations of Al and Mg, compared to the other sands, but contained some Fe. The quartz sand had low contents of all the analysed minerals. Calcite and marble had -as expected -high contents of Ca; diatomaceous earth had high contents of Al; LECA had high contents of Fe and Al; and vermiculite had high contents of Mg, Fe and Al. The differences in equilibrium pH and conductivity were generally small for the sands and largely reflect the pH and conductivity of the tap water used in the extractions. Calcite increased the pH and the conductivity, and LECA decreased the pH slightly. 
Phosphorus sorption isotherms
When plotting the amount of sorbed phosphorus as a function of the P concentration in the final equilibrium solution it was obvious that the media tested behaved differently. In Figure 1 the isotherms for the sorption of P on the five artificial media tested and the two extreme natural sands are shown. Sorption isotherms for the other natural sands were in between Quartz sand and Darup sand (Arias et al., 2000) . Sands with a high content of Ca generally had higher P-sorption capacity than the inert quartz sand and other sands with a low Ca content. Of the artificial media especially calcite and marble had high P-sorption capacities, whereas vermiculite, diatomaceous earth and LECA had low P-sorption capacities.
Column experiments
In Figure 2 are the removal efficiency of the columns containing artificial media and quartz sand shown as a function of loading rate. The removal of phosphorus in the columns generally decreased over time and most for the columns with low P-sorption capacity (quartz sand, vermiculite, LECA and 5 and 10% marble). The columns containing calcite showed the best performance of all the materials tested. Among the natural sands the best performance was obtained with Darup sand, which maintained a removal efficiency >80% throughout the incubation period, and showed only a slight tendency of decreased performance towards the end of the incubation period (data not shown). Also Nymølle and Sorø sands maintained fairly stable removal efficiencies throughout the incubation period, although at a lower level (approx. 70% removal). The removal efficiency of the other sands all decreased significantly during the incubation period to levels <50% removal after 12 weeks. Data for the natural sands are presented by Arias et al. (2000) . The removal efficiency of diatomaceous earth and marble decreased slowly but was still c. 60 and 70%, respectively, at the termination of the experiment. Unfortunately, because of time and resource constraints, the column experiments were terminated before the columns were completely P-saturated, and it is thus not possible to estimate with more accuracy the final P-removal capacity of the materials. 
Discussion
The results of this study clearly demonstrate that the phosphorus removal properties of sands of different geographical origin in Denmark vary considerably. The suitability of the sands for use as media in constructed reed beds established for P-removal thus differs. The amount of phosphorus loaded onto the columns during the 12-week experimental period corresponds approximately to the loading during one year on a full-scale system using normally adopted dimensioning criteria (i.e. 5 m 2 bed area per person equivalent and a bed depth of 0.6 m). From this it can be deduced that the P-sorption capacity of sands like the quartz sand would be used up during the initial months, and that the P-removal therefore would be poor thereafter. However, if the Darup sand was used, the P-removal would be excellent at least during the initial year, and thereafter a good P-removal could probably be sustained for a number of years. Unfortunately, the study did not provide direct data to document for how long a good P-removal could be expected. However, as the P-removal obtained in the columns was strongly correlated with the amount of P sorbed in the isotherm experiments, these data might give some indication. The amount of P sorbed by the Darup sand at 320 mg l -1 is roughly 14 times higher than the amount sorbed by quartz sand. It may therefore be expected that the "lifetime" of the Darup sand would be longer by a similar factor. We do not know, however, when and how the performance would decrease. The performance might decrease rather abruptly after a certain amount of time, or the performance might decrease more gradually as seen for some of the other materials. Calcium generally was the prevailing metal in the natural sands, and in spite of the fact that the pH in the influent water was adjusted to approximately 6.9, the pH of the effluent was between 7.5 and 8.5 for the different sands, which favours the chemical precipitation of the various forms of calcium phosphates (Stumm and Morgan, 1981) . In addition, we used rather hard tap water that contained about 90 mg Ca l -1 , which is also known to facilitate the precipitation of calcium phosphates in wastewater (Maurer et al., 1999) . This indicates that precipitation reactions with Ca are the main processes responsible for the removal of phosphorus in the natural sands studied.
The most important property when choosing a medium for use in a subsurface flow constructed reed bed is the grain size distribution. According to present Danish EPA guidelines (EPA, 1999) the effective grain size d 10 should be in range of 0.3 to 2.0 mm, d 60 between 0.5 and 8 mm, and the uniformity coefficient d 60 /d 10 should be less than four in order to secure an adequate hydraulic conductivity and to minimise the risk of clogging. However, if P-removal is important, additional properties of the medium are important. Our data show that particularly the content of Ca is important, whereas Fe and Al are of less importance. A high content of Ca in the medium will, because of the relatively high pH of Figure 2 Relation between the amount of phosphorus removed (% of inlet concentration) and P loading on a media volume basis. The columns were continuously loaded with a 10 mg l -1 P-solution at a rate equivalent to a 12 to 14 hour nominal retention time. The curves represent the average of replicate columns domestic sewage, favour precipitation reactions with Ca in the medium. In situations where the wastewater to be treated is more acid, the contents of Fe and Al may be more important as the precipitation reactions with these ions are favoured at low pH (Stumm and Morgan, 1981) . Among the artificial media tested, the Ca-based materials (calcite and marble) showed the highest capacity to remove P. Diatomaceous earth also sorbed P, but the 12-h retention time in the columns was probably too short. LECA and vermiculite did not bind P very well. The studies indicated that particularly calcite may be used to increase the P-sorption capacity of the bed medium in subsurface-flow constructed wetlands. If sands are used, in order to enhance the sorption capacity of it, then calcite can be mixed into the sand medium during construction. Another option would be to construct a separate modular unit containing a bed medium with calcite that could be replaced when the P-sorption capacity is used up. These options need to be studied in longer-term field studies. Further studies conducted with calcite showed a P removal capacity of approximately 25 kg P m -3 . Considering this capacity, around 30 kg PE -1 year -1 of calcite would be needed to comply with the discharge standards. The pH in the calcite effluent was moderately high at the beginning of the test but dropped to normal levels shortly after. This was particularly so for columns with pure calcite. Therefore, a filter unit containing pure calcite should not be placed at the effluent end of the constructed wetland system, but rather in-between two beds so that the final bed would neutralise pH. Another option would be to mix calcite with the sand in a section of the bed. It should also be remembered that the P-removal in full-scale systems occurs not only by P-sorption to the bed medium, but also through incorporation into organisms (biofilms and plants) and subsequent accumulation of organic matter in the systems. Therefore, even when the P-sorption capacity of the medium is used up, some P-removal in the system will occur.
